Spiro's conception explaius to some extent the divergent results obtained in the precipitation of proteins by the addition of neutral salts, when the whole conditions are not maintained constant.
The series of observations which we are about to record concern the "salting out" by ammonium sulphate of pure recrystallised egg-albumin. Our observations show that in this case also we have to deal with the separation of the original system (itself not homogeneous) into two distinct phases, and that the influence upon the volume of these phases of concentration of protein, salt and water in the system is, as Spiro found for caseinogen and gelatin, analogous to what occurs in alcolhol, salt and water mixtures. In addition, however, we find that the charge carried by the protein particles is an important factor in the final equilibrium.
The results of the experiments will first be set forth and the proposed explanation discussed later.
PRECIPITATION OF PURE EGG-ALBUMIN BY AMMONIUM SULPHATE.
Material. The material employed was egg-albumin crystallised from eggwhite in presence of ammonium sulphate according to the method of Hopkins and Pinkus [1898] . The albumin was recrystallised once or twice, separated from the mother liquor by pressing between filter paper, and finally dissolved in distilled water. A concentrated-stock solution was thus obtained, the composition of which, as regards (1) protein, (2) ammonium sulphate, (3) water was accurately ascertained by analysis, and which, when diluted to a suitable degree, served for most of the following experiments.
Since the salt employed for "salting out" in these experiments was also ammonium sulphate, the small concentration of the latter always present in the original albumin solution presented no complication; an allowance was made for this amount in the calculations. In those cases where an electrolytefree solution was required, the albumin solution was previously dialysed. Egg-albumin prepared in this way we believe to be as homogeneous a protein as it is possible to obtain. Hopkins [1899] [1900] came to the conclusion that egg-albumin, crystallised from faintly acid ammonium sulphate solutions by the above method, was a pure substance. The 381 IL CHICK AND C. J. MARTIN rotatory power remained absolutely constant after repeated recrystallisations (p. 312) and the proportion of carbon, hydrogen, nitrogen and sulphur, as well as the ash, remained constant. His experiments were made with four different samples after three or four recrystallisations.
1. Influence of concentration of salt upon the amount of protein precipitated. Mellanby [1907] made a quantitative study of the influence of concentration of ainmonium sulphate on the precipitation of the proteins from horse serum, but, as far as we are aware, no experiments have as yet been made with a pure protein.
In the present instance two sets of experiments were made, in both of which the concentration of protein was about 1 /o. In the first the concentration of protein in the whole system was left constant = 1 11 0/0 by weight, and the ratio salt to water was varied (Table I and Fig. 1 ). In the second set the ratio protein to water was kept constant and the precipitation studied by varying the amount of salt present; the concentration of protein in the whole system varied from 1P0 /0 to 0'93 0/0 (by weight). (Table II and The method of experiment was as follows. Mixtures were prepared by weighing into stoppered bottles the required amount of water and protein, and the necessary amount of ammonium sulphate was then 'added in large crystals and gently shaken. This prevented over-saturation with ammonium sulphate in the neighbourhood of the crystals, the large size of which prevented a too rapid solution. The bottles were placed in a thermostat at 200, for from 1 to 2 hours, the contents filtered and the protein estimated in the filtrate by weighing the coagulum formed on heating. Table I ; protein constant=1 11 0/0 (by weight) of total system, ratio salt to water varying. Mellanby [1907] , but in no case was a pure protein employed.
We have made an experiment-with pure egg-albumin, estimating the protein precipitated by a constant concentratioil of ammonium sulphate (ratio salt to water constant) when the amount of protein was varied. The results are given in Table III and graphically set forth in Fig. 3 , where the proportion of the protein separated is plotted as ordinate against the concentration (percentage by weight of whole system) of protein in the original mixture as abscissa. Not only is more protein separated from the more concentrated Table III ; ratio salt to water constant=31 to 100, amount of protein varying.
solution at a given concentration of salt, but a greater proportion is precipitated (see last column, Table III ). The concentration of protein in the filtrate is not constant, but varies from 1-13 0/0 to 077 0/0 (col. 6, Table III ), as the initial protein concentration is varied from 2-5 to 17'3 0/0 (col. 4). This suggests that the precipitation is a phase separation, analogous to the case of "salting out" of alcohol with ammonium sulphate. As will be seen later, when the results are given-of determinations of the protein-saltwater content of filtrate and precipitate respectively, this was proved to be the case.
3. Influence of hydrogen ion con,centration.
It is common experience, e.g. with serum, that the addition of a little acid enhances the amount of protein precipitated by the same concentration of ammonium sulphate, and that proteins not precipitated by saturation with sodium chloride are thrown down on acidification of the solution.
Mellanby [1907] called attention to the increased amount of precipitation of horse serum by neutral salts after addition of various acids, and gave some quantitative data, using sodium chloride. In the present investigation the influence of acidity was directly measured in a series of mixtures in which the concentration of protein and ammonium sulphate was maintained constant, and so chosen that precipitation had just begun in the control solution. The reaction of the solution was adjusted to various degrees of hydrogen ion concentration by the addition of small quantities of standard sulphuric acid.
Determinations of hydrogen ion concentration were made with the type of concentration cell described by Michaelis and Rona [1909] , the contact fluid between the two cells being saturated potassium chloride solution. It is possible that the determinations of H+ concentration are not very accurate owing to the high concentration of ammonium sulphate present; those in any one series are, however, perfectly comparable. Hydrogen ion concentration, exponents. Table IV ).
Concentration of (NH4)2804 in whole system, constant= 30-4 grams per 100 cc. Protein ,, ,
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The concentration of protein varied from 0-6 to 0-9 o/0 and that of ammonium sulphate from 30 4 to 28&6 0/0 (by volume) in the three different series of experiments set forth in Tables IV to VI. The mixtures were placed for two hours at 18°in order that equilibrium might be attained; they were then filtered and the concentration of protein and of hydrogen ions in the filtrate was determined.
The influence of hydrogen ion concentration was found to be very marked although the range through which it operates is not extensive.
In one case (Exp. I, normal, and from 12 to 203 x 10-7 normal respectively. ,. )
,, ) ,
The last trace of protein present, however, does not appear to be precipitated by alteration of reaction alone, a slight trace in Exp. III being still left in solution at a hydrogen ion concentration of about 1/100 normal or 73000 x 10-7 normal.
The range of reaction where hydrogen ion concentration has its great effect is presumably just on the acid side of the iso-electric point (see below p. 392). From Exp. III it is seen that for ammonium sulphate change in hydrogen ion concentration at and on the alkaline side of the neutral point is without much influence (viz. from H+ = 12 x 10-7 normal to 0-008 x 10-v normal), see Table VI . Table VI ).
Concentration of (NH4)2804 in whole system, constant=28-6 grams in 100 cc.
,, ,1 , protein ,, ,
H+ concentration expressed as exponents.
4. Influence of temnperatutre. Lewith [1888] in case of ox-serum proteins, showed that rise in temperature assisted the precipitationi by ammonium sulphate and Hofmeister [1888] made the same observation with egg-white and various salts. Spiro [1904] stated the same to be true of crystalline serum albumin and ammonium sulphate.
We have confirmed the above observations for serum proteins' and pure egg-albumin if the reaction be alkaline, but in faintly acid solution (10-5 normal) we have found the reverse to be true above 9°.
In Table VII --From the experiments detailed above, it is clear that the atnount of protein precipitated from solution (volume of the protein-rich phase> is I1. -CHICK AND C-J. MARTIN dependent upon the amount of salt present, concentration of protein, concentration of hydrogen ions and temperature. Spiro' [1904] showed that, in the "salting out" of caseinogen and gelatin by sodium sulphate, the ratio of salt to water in the more protein-rich phase was less than in the watery phase-a similar relation to that found by de Bruyn [1900] in alcohol separation.
The same is true in the case of egg-albumin. An albumin solution was precipitated by ammonium sulphate and a complete analysis made of the original solution, the precipitate and the filtrate. In order to free the precipitate from adherent mother-liquor, it was not simply dried between filter paper, as done by Spiro, but placed between filter paper, surrounded by kieselguhr and submitted to a pressure of about 3 tons to the square inch. This pressure was, however, more than enough to squeeze out adherent mother-liquor, and actually removed some of the imbibed water of the protein-rich phase, for the concentration of salt in the liquid expressed, in the one case where it was collected and analysed, was only about half of that in the watery phase. The analyses given in Table VIII , where the results of these experiments are set out in detail, do not therefore express the composition of the two phases which were in equilibrium. The experiments prove, however, that the protein had appropriated some of the water for, notwithstanding this squeezing out of weak salt solution, the ratio salt to water in the compressed cake was considerably less than in the watery phase. See Table VJIII .
This means that egg-albumin, like caseinogen and gelatin, dissolves or imbibes water just as alcohol does, and a mixture of protein, salt, water can be made to separate into two phases, either by the further addition of salt or of protein in the same way as a mixture of alcohol, salt, water separates on the addition of either salt or alcohol. In either case it amounts to increasing the concentration of salt in the watery phase.
To explain the influence of hydrogen ion concentration in the precipitation of egg-albumin, we must suppose that the electrical condition of the colloidal particles is a factor which mnodifies the ease with which they aggregate under the influence of the salt present. Hofmeister [1889] The particles of proteins in acid or alkaline solutions carry respectively a positive or negative electric charge. Only at the iso-electric point, which is slightly to the acid side of the true neutral point in all cases hitherto investigated, does the charge disappear.
Salts like ammonium sulphate and sodium sulphate will cause separation into two phases, one protein-rich and the other protein-poor, whatever the charge upon the protein aggregates of the colloidal solution, if enough of the salt be added. Such phase separation is very materially assisted if the particles are positively charged, i.e. in solutions more acid than the isoelectric point. In the case of sodium chloride, indeed, acidification is necessary with many proteins.
From the analogy of the "salting out" of alcohols, phenols, etc. one must suppose that, by the gradual withdrawal of water from the protein aggregate by the salt, a critical dispersion point is reached when the surface tension at the interfaces causes the particles to run together. Supposing the particles are not iso-electric with the continuous phase, either from the original solution being acid or alkaline, or from the preferential adsorption of one of the ions of the electrolyte, the possession of charge will lower surface tension, so that, with charged particles, a higher concentration of salt will be required to airive at the critical dispersion point. With negatively charged particles, in an alkaline solution, thi charge cannot be neutralised by the more potent 392 IL CHICK AND C. J. MARTIN ion S04" which, if adsorbed, would still further increase the negative charge. We find that once the solution is more alkaline than the neutral point the amount of alkali added makes no differencel to the atnount of salt required for precipitation, see Exp. III, Table VI and curve Fig. 5 . The moment the reaction is made more acid thani the iso-electric point and the protein particles carry a positive charge, this will at once be neutralised by the adsorption of S04" ions. As these are in such high concentration they are apparently able to counteract in this way the maximum positive charge imposed upon the particles by the addition of acid (see Exp. III, Table VI, H+ = 0 007 normal).
We venture to put forward the above interpretation from the analogous action of SO4" upon protein particles under conditions which permit of the demonstration of the existence of charge. In acid solution, protein particles, carrying a positive charge, have been shown to be sensitive to the anion of any electrolyte they may encounter. (Hardy [1900] for heated egg-white; Chick and Martin [1912] for denaturated serum proteins and egg-white; Chick [1913] for euglobulin and caseinogen.) Arguing from analogy we may suppose that in the case of egg-albumin the S04" ion of ammonium sulphate will also be more readily adsorbed and any charge on the protein neutralised if the solution be originally on the acid side of the iso-electric point, i.e. if the protein particles carry a positive charge.
The statements detailed above have not actually been substantiated in case of pure egg-albumin, nor has the iso-electric point been determined. This has, however, been done in case of serum-albumin [Michaelis and Mostynski, 1910; Michaelis and Rona, 1910] , and these two proteins otherwise display close similarity as regards the conditions of their solution or precipitation. We have not been able to put our interpretation to the direct test because it is impracticable to determine the charge carried by the particles of egg-albumin in the presence of excess of ammonium sulphate, nor under these conditions were we able to study the influence of addition of ions of varying valency. To test our hypothesis we therefore had 1 In the case of Na2SO4, which as regards the influence of acid behaves in an analogous manner to (NH4)2SO4, excess of alkali (NaOH) favours precipitation, but, compared with the acid, a high concentration is required. In accordance with the explanation of the influence of reaction set forth above we presume that, while in acid solution the positively charged protein particles attract the SO4 ion, in alkaline solution the Na ion of the sodium salt is preferentially absorbed. The electric charge on the particles is neutralised in both cases, but more readily in the first, owing to the greater potency of the S04 ion. With (NH4)2S04 no effect in solutions made alkaline witlh ammonia can be demonstrated, owing, presumably, to the low ionisation of (NH4)OH, especially in the presence of excess of (NH)2S04.
394I. CHCK-' AND C.' J. MARTIN recourse tW the expedient of withdrawing the water from the protein-watercombination by the addition of alcohol to the point where a surface tension is just manifest at the interfaces. In other words, the alcohol was added until the solution becamQ opalescent but short of commencing precipitation, which could then be brought about by addition of a small amount of various electrolytes. Two sets of experiments were made; in one get the original protein solution was acid, and in the second set alkaline, and it was found, as was expected, that an electrolyte was efficient in causing precipitation of the protein in order of increasing valency of its anion in the first case and of its kation in the second. All solutions contained the same concentration of alcohol.
The results of a series of experiments with serum proteins are given in Table IX With alkaline solutions higher concentration of lanthanum nitrate (00036 molar) prevented the formation of a precipitate, no doubt owing to the acquisition of a positive charge in excess of that needed to neutralise the negative one originally possessed. In acid solution an analogous result followed addition of sodium citrate to a concentration of 00007 molar.
Some experiments made' with pure egg-albumin are set out in Table X. The original solution was acidified and after addition of sufficient alcohol to cause turbidity, determination was made of the concentration of a series of sodium salts necessary to cause a precipitate to form. The influence of increasing valency of the anion is very marked, sodium citrate and sulphate being respectively about 800 and 25 times as powerful in this respect as sodium chloride. In the same Table are given the results of a series of experiments in which precipitation took place in absence of alcohol and it will be seen that no such influence of valency can be detected here. The relation of the various electrolytes, with the exception of sodium citrate, is that expressed by the Hofmeister series [1888] and doubtless conditioned by their relative waterdrawing capacity. When the protein is on the point of being precipitated after the necessary water-withdrawal has taken place, the influence of the anion or kation of the electrolyte present can complete precipitation by neutralising a charge. This occurs for example when protein almost precipitated by ammonium suphate is made slightly acid, or when to protein almost thrown out by alcohol a trace of an appropriate electrolyte is added. In the former case, as long as the solution remains alkaline, the effect of presence of ammonium sulphate with its divalent anion will rather be to increase the negative charge on the protein.
An additional piece of evidence in support of the view that the charge carried by the protein particles is an inmportant factor in determining the concentration of salt requisite to occasion separation into two distinct phases, was obtained from studying the "salting out" of eggalbumin with calcium chloride. In this case the positive ion of the electrolyte is prepotent and we should expect it to act more efficiently if the solution containing the protein is made more alkaline than the iso-electric 396
